Abstract
It is advisable to refer to the publisher's version if you intend to cite from the work. See Guidance on citing . The North Atlantic Sea Surface Temperature (NASST) has undergone strong variations on decadal-25 to-multidecadal scales that are due to internal and external climate variability (Terray, 2012) . This 26 variability is called the Atlantic Multidecadal variability (AMV) and has been associated with ocean and 27 atmospheric processes (Delworth et al., 1993; Knight et al., 2005) , as well as with volcanic, solar (Otterå 28 et al., 2010) and anthropogenic (Booth et al., 2012) forcing. 29
There is significant evidence to suggest that the AMV has played an important role in recent trends 30 in tropical precipitation (Kamae et al. 2017) Ocean (Sutton & Hodson, 2007) . Generally it is thought that tropical Atlantic anomalies are key to 46 explaining effects of the AMV (Sutton & Hodson, 2007) . However, the subpolar North Atlantic SSTs 47 are highly predictable (Robson et al., 2012) , and so could be useful to forecast the effect of AMV over 48 land (Robson et al., 2014) . Therefore, it is important to understand the relative effects of SST anomalies 49 in each Atlantic sub-domain, and to understand whether the effects are due to changes in atmospheric 50 are performed for each experiment using different atmospheric initial conditions. 92
We have also performed an experiment where NASST are restored to a climatological state, 93 hereafter called CLM. We also test the role of the tropical and extratropical North Atlantic SST 94
anomalies by warming and cooling the Atlantic Ocean south of 30°N (hereafter called TNA), and north 95 of 30°N (hereafter called XNA), respectively (as defined in DCPP-C, see fig. S1 ). Finally, we also test 96 the linearity of AMV effects by performing additional experiments with a magnitude of one times AMV 97 (hereafter noted 1xAMV) for both negative and positive phases of the AMV (see table S1). 98
Precipitation metrics 99
Global monsoon domains are defined following Wang et al., (2011), selecting land grid points 100 where the annual precipitation range (i.e. the difference between May to September (MJJAS) and 101
November to March (NDJFM)) exceeds 2.5 mm.day Southern Hemisphere (Figure 1a) . We then compute the area-averaged precipitation of each monsoon 105 domain (MI; Monsoon Index). Note that NAF and SAS domains are smaller than in observations due to 106 large dry biases in MetUM-GOML2 over West Africa and India ( Figure S2 ), as also seen in other 107
MetUM configurations (Walters et al., 2017) . However, using domains defined from GPCC, or based 108 on an alternative method (i.e. using a relative threshold), does not alter our conclusions ( Basin and over Southern Africa, which we will discuss in section 4. 150
There are also significant changes in MA and MP (Figure 1d ). Monsoon extent is closely linked 151 to changes in total monsoon precipitation in all monsoon domains. In positive AMV, SAM and AUS 152 monsoon domains are considerably smaller, while other monsoon domains become wider, especially 153 SAS, NAF and EAS (Figure 1d and Figure S4) . 154
Decomposition of AMV monsoon impacts 155
Figure 2 shows the decomposition of monsoon rainfall into dynamic and thermodynamic 156 components, and their nonlinear combination. In most domains ∆Pdyn is larger than ∆Ptherm, indicating 157 that the atmospheric circulation change dominates the impact of AMV on the global monsoons ( Figure  158 2a and Figure 2b) . Moreover, the spatial distribution of ∆Pdyn is extremely similar to ∆P ( Figure S5) . 159 ∆Ptherm exhibits a clear inter-hemispheric pattern, consistent with the surface temperature increase, which 160 is mainly confined to the Northern Hemisphere (Figure 3a and Figure 3b) . Finally, the nonlinear term 161 tends to increase precipitation in all monsoon domains (Figure 2c) . Therefore, the change in precipitation 162 is due to a combination of changes in the three terms. The weak changes in SAM, NAM and EAS 163 precipitation are the result of opposing effects from ∆Pdyn, ∆Pcross and ∆Ptherm. 164
To explore ∆Pdyn further, we decompose the circulation response into changes in the mean 165 tropical circulation strength (∆Pstrength) or shifts in atmospheric circulation patterns (∆Pshift). ∆Pstrength is 166 almost negligible, but explains a small increase in precipitation as a response to AMV (Figure 2e) . In 167 contrast, ∆Pshift is generally larger. Therefore, ∆Pdyn (and, hence, ∆P) is due to a shift in atmospheric 168 circulation, rather than to a modulation of its mean strength (Figure 2d ). Moreover, ∆Pshift clearly 169 dominates the pattern of ∆Pdyn and, by extension, of ∆P ( Figure S5 ). The importance of a shift in 170 circulation, on simultaneous changes in both q and M*, also helps to explain why ∆Pcross plays a 171 significant role. Although we have shown a significant impact of AMV on the monsoons, there are several 255 caveats. The model is also not able to reproduce the observed link between AMV and SAM or SAF 256 precipitation ( Figure S9 ). For example, MetUM-GOML2 simulates a large decrease in SAM 257 precipitation (Fig. 1b) , while observations shows a positive correlation between NASST and winter 258
Amazonian precipitation (Villamayor et al., 2017) ( Figure S9 ). These differences may be related to mean 259 state biases (see Fig. S2 ). However, comparisons between observations and idealized simulations is not 260 trivial, due to the lack of changes in external forcing or internal variability. Additionally, like most 261 Global monsoon precipitation variability has substantial effects on about two-thirds of the world's 317 population. Therefore, understanding the factors that drive tropical precipitation is societally important. TNA-) and (b) due to the extratropical Atlantic Ocean warming (XNA+ minus XNA-). Middle panels: 532 same as in figure 3a and figure 3b , but for TNA and XNA. Bottom panels: effect of 2xAMV on MI in 533 function of the effect of (left) 1xAMV on MI (right) the TNA+XNA sum on MI. Vertical and horizontal 534 black lines indicate the spread in MI, and the black line is the linear regression, as computed from the 535 sub-domain monsoons only (e.g. excluding GM). Significance in panels a-f are calculated using a 536
Student's t-test at the 95% confidence level. 537
